Background {#Sec1}
==========

Mitochondria are the organelle responsible for most of the energy production in eukaryotic cells. Each mitochondrion carries several copies of mitochondrial DNA, which is composed of a single circular chromosome of 16569 base pairs (hg38, GRCh38, Dec. 2013). It encodes for 22 tRNA, 13 protein subunits and two ribosomal RNA subunits. There are currently few accurate measurements of mtDNA copy number in cells \[[@CR1]--[@CR5]\], even though this number affects the symptoms of mitochondrial diseases \[[@CR6]--[@CR9]\]. Better measurements of mtDNA copy numbers would improve the understanding of mtDNA mutagenesis \[[@CR10]--[@CR12]\] as well as the process through which mutations become homoplasmic. Mitochondrial mutations also appear to be involved in cancer development \[[@CR13]--[@CR17]\], and aging \[[@CR18]--[@CR21]\]. Furthermore, most tumors are thought to rely on glycolysis rather than oxidative phosphorylation for the majority of their energy, a process that could be related to mtDNA copy number. The standard method for quantifying DNA copy number is real time PCR (rtPCR) \[[@CR22]--[@CR24]\]. Most methods rely on amplifying a mitochondrial and a nuclear fragment in separate reactions, with the template from the same sample \[[@CR16], [@CR24]\]. Although there has been much development in the data analysis algorithms applied to rtPCR output, some challenges remainx \[[@CR25], [@CR26]\].

Materials and methods {#Sec2}
=====================

Tissue and DNA extraction {#Sec3}
-------------------------

Anonymous surgical discards were obtained after standardised informed consent. Tissue was stored at the surgical department at − 70 °C until DNA extraction. Normal and tumor tissue was obtained from three different patients with three different tumor types (breast, prostate and colon). The normal tissue was taken at a distance of 10--15 cm from the location of the tumor. A few milligrams were taken from each sample and had their DNA extracted.

DNA extraction {#Sec4}
--------------

Samples were digested with proteinase K for 4 h at 57 °C in 300 $\documentclass[12pt]{minimal}
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Primers {#Sec5}
-------

Table 1Primer sequences used to amplify nuclear and mitochondrial DNA sequencesPrimerSequence (5′ to 3′)Genome regionMitochondrial forwardACA CCC TCC TAG CCT TAC TACchrM: 10087--10192Mitochondrial reverseGAT ATA GGG TCG AAG CCG CNuclear forwardAGG GTA TCT GGG CTC TGGchr11: 2170993--2171170Nuclear reverseGGC TGA AAA GCT CCC GAT TAT

Primers were designed using the rtPCR primer design tool of IDT (integrated DNA technologies). The nuclear and mitochondrial primer pairs were designed for simultaneous amplification. Table [1](#Tab1){ref-type="table"} shows the primer pairs. PCR conditions were optimised by testing various annealing temperatures, reaction volumes, and reagent concentrations. The objective was to use the same conditions for both primers pairs. The mitochondrial primer was chosen so that it could not amplify in the nuclear genome and vice versa.

rtPCR condition {#Sec6}
---------------

Real time PCR was performed using a BioRad CFX connect Real-time PCR detection System. The PCR recipe was 2× Perfecta SYBR Green SuperMix for iQ (QuantaBio, Beverly, MA, USA, WHR: 733-1249), 0.2 $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu$$\end{document}$l . The PCR temperature cycling used: initial denaturing at 94 °C for 4 min, followed by 45 cycles of denaturing at 94 °C for 30 s, annealing at 60 °C for 30 s and extension at 72 °C for 1 min.

Experiment {#Sec7}
----------

For both the mitochondrial and the nuclear primers, 96 replicas (a whole plate) of the same identical rtPCR were produced. A 2 ml PCR mix was created (as described the section "rtPCR condition"), to which 4 $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta C_T$$\end{document}$ method. The initial rtPCR mix was serially diluted into rtPCR mix without DNA, by a factor of 5, for six steps. There were 16 replicas for each dilution leading to a total of 16 × 6 = 96 reactions. The use of dilutions reveals changes in PCR efficiency and gives an indication of precision.

The DNA copy numbers were estimated for each tissue based on four different rtPCR reactions: nuclear DNA, mitochondrial DNA, nuclear DNA diluted by 10, and mitochondrial DNA diluted by 10. Each rtPCR reaction was replicated 24 times, giving a total number of 4 × 24 = 96 (a complete 96 well plate) reactions.

Data analysis {#Sec8}
-------------

The data analysis algorithm is available in an R package developed specifically for the analysis of rtPCR results. The package, together with the codes used to generate the graphs and tables are included in the Additional file [1](#MOESM1){ref-type="media"}. By fitting a robust linear regression line to the base two logarithm of the signal $\documentclass[12pt]{minimal}
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The relative copy number between two experiments is defined as $\documentclass[12pt]{minimal}
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Findings and discussion {#Sec9}
=======================

Problem {#Sec10}
-------

The phases of an rtPCR reaction are:Phase I:Lag phase: The signal is too low for the detector, only the noise is visible.Phase II:Exponential phase: Signal grows exponentially with the number of cycles.Phase III:Saturation phase: Signal increases sub-exponentially, or not at all as the PCR reaction saturates.The dynamics of the PCR reaction can only be observed during phase II, during which the signal can be modelled by the exponential function $\documentclass[12pt]{minimal}
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The standard algorithm to analyse rtPCR is the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta C_T$$\end{document}$ method has a few clear flaws, which have already been pointed out and demonstrated by Karlen et al. \[[@CR25]\]. The first one is the assumption of equal efficiency which is essential to this method. If the fragments used are not the same, as is the case for the quantification of mtDNA, the reaction needs to be optimised to have equal efficiency. If PCR efficiency depends on initial DNA concentration, as some results suggests \[[@CR24]\], this would introduce errors in the measurements.

Proposed solution {#Sec11}
-----------------

The objective of rtPCR is to measure the relative initial copy number $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha$$\end{document}$, but gives correct results even when the efficiencies for A and B are different. The slope of the regression gives an estimate of the efficiency for a single reaction without having to perform dilutions. Accuracy can be increased by replicating the reactions several times. Thus, it is possible to compare samples with different efficiencies, which reduces the difficulties in optimising the PCR reactions and improves precision.

In our analyses, we used the robust line fitter that minimises the median of the squared residuals, whereas the least squares estimator minimises the mean of the squared residuals. The line passing through the mid-point has equation $\documentclass[12pt]{minimal}
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                \begin{document}$$(\log _2S -\log _2S_m - (c-c_m) \log _2E)$$\end{document}$ is smallest. Taking the median means that the line can tolerate up to one half of the measured couples not to be near the regression line, which is the case for the phases I and III. The minimisation has to be done numerically and the package supplied in the Additional file [1](#MOESM1){ref-type="media"} will perform the necessary computations.

Results {#Sec12}
-------

Fig. 1Histograms showing the distribution of efficiency, intercept and $\documentclass[12pt]{minimal}
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Figure [1](#Fig1){ref-type="fig"} shows the results of repeating the same reaction 96 times. The efficiency and intercept, calculated using the robust regression, as well as the $\documentclass[12pt]{minimal}
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                \begin{document}$$C_T$$\end{document}$ values are shown. In all three cases, the values group together with five outliers. These outliers are not PCR failures. They represent genuine variation in PCR performance on an identical rtPCR mix. These results justify the use of a normal approximation.Fig. 2Dilution series: DNA concentration in the PCR mix is serialy diluted by a factor 5, six times. The DNA concentration is measured using the robust regression method and the $\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"} shows the result of the dilution series in which the relative concentrations relative to the initial sample are known. For both nuclear and mitochondrial DNA, the relative concentrations were estimated with the $\documentclass[12pt]{minimal}
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It can be seen that the robust regression gives, in both cases, a slightly better slope than the $\documentclass[12pt]{minimal}
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                \begin{document}$$C_T$$\end{document}$ values for each dilution are plotted. The slope of the fitted line can be used to estimate the efficiency

Table 2Relative concentration of samples for each tissue typeTissueSample typeEfficiencyConcentrationRelative errorBreast tumor mtDNA2.08129.31.29 mtDNA/102.136.871.47 Nuclear2.0211 Nuclear/101.990.161.4Breast normal mtDNA2.19132.131.4 mtDNA/102.0238.541.36 Nuclear2.0311 Nuclear/102.020.091.38Colon tumor mtDNA2.13132.721.35 mtDNA/102.112.951.32 Nuclear2.0111 Nuclear/102.010.091.45Colon normal mtDNA2.11219.191.5 mtDNA/102.1120.821.56 Nuclear2.0511 Nuclear/101.990.21.51Prostate tumor mtDNA2.17134.141.41 mtDNA/102.1115.791.39 Nuclear2.0411 Nuclear/1020.161.47Prostate normal mtDNA2.12172.651.49 mtDNA/102.0822.211.47 Nuclear2.0211 Nuclear/102.010.131.55The nuclear DNA concentration is taken as reference, and is therefore 1. The relative error (confidence ratio) is also 1 as there is no uncertainty associated with it. The other concentrations are relative to nuclear DNA and the relative error associated with it. The values for the efficiency are the average taken over the replicas Table 3Concentrations calculated using the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta C_T$$\end{document}$ method in prostate tumor sampleConcentrationRelative errormtDNA288.331.52mtDNA/1023.451.44Nuclear1.001.00Nuclear/100.111.52The confidence ratio is estimated using the t-interval

Table [2](#Tab2){ref-type="table"} shows the estimates of mtDNA copy numbers based on the relative concentration of mitochondrial DNA compared to nuclear DNA. The numbers range from 100 to 150 for all samples, which represent half the total number of mtDNA copies per cell. The confidence ratios are around 1.3. The ratio between the measured concentrations of mtDNA and diluted mtDNA should be 10. Taking into account the confidence ratios associated with the measurement, the diluted samples have indeed a copy number 10 times below their un-diluted counter-parts. Observing a C.R. of 1.3 for a mitochondrial copy number of 200, corresponds to having a 95% confidence interval between 150 and 260. This precision was achieved with 24 replicas. The C.R. decays very slowly as a function of the number of samples. Using a robust regression to analyse rtPCR data presents major advantages over the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta C_T$$\end{document}$ method. First, it does not make the assumption of identical PCR efficiency between two samples. This reduces potential biases and allows for the comparison of fragments/samples with clearly different efficiencies. It also allows the estimation of PCR efficiency without performing dilution series. If the efficiency depends on the initial copy number, it would be an additional source of bias for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta C_T$$\end{document}$ algorithm. Figure [3](#Fig3){ref-type="fig"} shows efficiency calculations for the dilutions series. For comparison, the prostate tumor tissue is analysed using the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta C_T$$\end{document}$ method (shown in Table [3](#Tab3){ref-type="table"}). The results are higher than those estimated using the robust regression. They are, however, coherent if the larger confidence ratio is taken into account. Karlen et al. \[[@CR25]\] also shows that the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta C_T$$\end{document}$ method performs well in the case of identical efficiencies, but may be a bad choice in other circumstances. The robust regression method offers an alternative way to analyse rtPCR data which has important advantages.

Limitations {#Sec13}
===========

The analysis method proposed here is limited to the analysis of rtPCR results. It can be used with any standard rtPCR output data and represents an improvement from the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta C_T$$\end{document}$ method. However, a large number of replicas is still needed to achieve low C.R.

Additional file {#Sec15}
===============

**Additional file 1.** rtPCR package for R. The R package containing the software tools to perform robust regression analysis of rtPCR data. The package is in binary format and can be installed into R.

rtPCR

:   real time polymerase chain reaction

DNA

:   deoxyribonucleic acid

mtDNA

:   mitochondrial DNA

tRNA

:   transcription ribonucleic acid
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